Abstract: Membrane bioreactor (MBR) is a progressive alternative to conventional waste-water treatment. However, membrane fouling is one of the most significant barriers to further development of the MBR technology since it has a detrimental effect on system performance and stability. Therefore, a number of studies have been developed to comprehend the fouling nature and distinguish the effective flux enhancers, so as to develop a highly effective fouling control strategy. Key findings of these studies are summarized in the current review. Polysaccharides, proteins and humic substances tend to play the prime role in inducing fouling. The main factors affecting fouling behaviour in MBRs are membrane characteristics, membrane operation conditions and activated sludge properties, and recent evidence points out that the modification of the biomass characteristics with the use of chemical agents and adsorbents is among the most efficient fouling-hindering techniques. The current review not only aims to provide a comprehensive overview of the up-to-date methods of fouling alleviation using membrane flux enhancers in MBR but also intends to shed light on the mechanisms of their action, which, together with the experience of previous findings, can be the basis for developing a new advanced fouling mitigation strategy.
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Water crisis and hunger are among the most urgent global problems of the current century. Therefore, clean water and sanitation and zero hunger are among the prime goals of the 2030 Agenda for Sustainable Development adopted by the United Nations. This brings a strong need for resource recovery and water reuse. The MBR process is among the most sophisticated methods for future water reuse due to its exceptional capabilities. However, membrane fouling is the main barrier towards the increase of its economic efficiency. Based on a number of research works, this review intends to provide a holistic overview of the cutting-edge technologies of fouling mitigation, and, hence, an increase of system efficiency. The provided results can serve as a basis for developing a new advanced fouling mitigation strategy, which has the potential to make MBR systems a dominating technology in the costsensitive water-reuse markets.
Introduction
Excellent nutrient removal efficiency, compactness, complete biomass retention without a secondary clarifier, together with low carbon footprint increase the competitiveness of membrane bioreactor (MBR) technology in municipal and industrial waste-water treatments. In addition, stringent environmental regulations and shift of the waste-water management paradigm towards the circular economy, resulting in high-quality effluent requirements, will drive the expansion of the global MBR market to 8.27 USD billion by 2025 (Research and Markets, 2014) .
Risk of high operating costs, primarily attributed to membrane fouling, and the need for skilled technical support, able to deal with fouling events, are the main restraints to the further penetration of MBR into cost-sensitive markets, including small communities and developing countries. Straightforward decrease of membrane flux in order to alleviate fouling will increase the capital investments due to the rising demand in the membrane area and therefore is not a market-wise solution.
Membrane fouling in MBR has been a subject of numerous academic studies, focused on fouling mechanisms and prevention and control strategies, which also represents the practical interest of the waste-water treatment industry (Gkotsis, Banti, Peleka, Zouboulis, & Samaras, 2014) . According to the Web of Science, the number of publications related to "MBR" and "fouling" is over 1700, with average citation rating 14.8, including major contributions from China-601 papers, USA-154 papers and Australia-157 papers. All these studies pursue one goal-to improve the understanding of fouling mechanisms: current challenges, research needs and to provide practical inputs on fouling mitigation for the industry.
Several comprehensive analytical reviews, published the since early 2000s, have summarized studies on membrane fouling in MBR (Table 1) . According to the Scopus, the works of Drews (2010) , Judd (2008) , Le-Clech, Chen, and Fane (2006) , Meng et al. (2009) and Porcelli and Judd (2010) are the most comprehensive and highly cited. These reviews perfectly cover the identification, investigation and characterization of membrane fouling as well as the optimization of MBR operating conditions for fouling mitigation. The latest one has been published by Meng et al. (2017) . It updates the progress in the fundamental understanding of MBR fouling and fouling control strategies, summarizes recent findings on the composition and characteristics of foulants and microbial ecology in bio-cake layers as well as novel fouling control strategies in lab-, pilot-and full-scale MBRs.
It appears from the available reviews that the chemical cleaning of membranes, including chemically enhanced backwash (CEB) and cleaning in place (CIP), is generally considered as the essential practical process of membrane permeability recovery while dealing with fouling (Meng et al., 2017) . At the same time, all the above-mentioned authors associate chemical cleaning with numerous adverse effects to membrane integrity and sludge activity due to the frequent exposure of membranes and biomass to aggressive chemicals (D. Zhao & Yu, 2015) . The remaining fouling mitigation strategies either are based on the mechanical scouring effects of limited efficiency and applicability (Hoffmann & Krause, 2013) or have not matured to the level of validation in operational or sometimes even in a relevant environment.
Notably, the existing reviews identify the prospective concept of membrane flux enhancement in MBR but provide very limited analysis of publications related to this research. Membrane flux enhancement in MBR is the concept of dosing various additives to the MBR mixed liquor to improve filterability. In this case, additives can act by various mechanisms: adsorption, coagulation, flocculation, oxidation, etc. Limited studies are also available on a combination of additives (Drews, 2010; 
Research area
Research focus Cutting-edge reviews and studies , 2016) . Therefore, membrane flux enhancement is, by nature, a combination of MBR and various physicochemical waste-water treatment processes at the membrane separation stage, developed to the level of successful commercial operation that provides a good opportunity for practical fouling mitigation solutions.
Mirzaei
This paper focuses on MBR membrane fouling characterization, prevention and mitigation in relation to and by means of membrane flux enhancement, highlighting the types of research on adsorption, coagulation, flocculation, bio-flocculation and oxidation mechanisms.
Membrane foulants and flux enhancers
Application of various additives for membrane flux enhancement in MBR is a response to the current understanding of fouling mechanisms that can be influenced by such additives. Therefore, it is reasonable to mention that currently, membrane fouling is classified based on several criteria: nature and phase of foulants, stage and nature of fouling process and the ability to recover membrane permeability after the fouling occurred (Table 2 ).
Table1. (Continued)
Direction of fouling studies
Research area
Research focus Cutting-edge reviews and studies
Plasma treatment (Yu, Hu, Xu, Wang, & Wang, 2005; Nanoparticles (Deowan et al., 2016; Jhaveri & Murthy, 2016; Mehrnia & Homayoonfal, 2016; C. Zhao, Xu, Chen, Wang, & Yang, 2014; Rahimi, Zinatizadeh, & Zinadini, 2015) Mixed liquor treatment Quorum sensing and quorum quenching (Ergön-Can, Köse-Mutlu, Koyuncu, & Lee, 2017; S. Lee et al., 2016; Waheed, Xiao, Hashmi, Stuckey, & Zhou, 2017; Weerasekara, Choo, & Lee, 2014; Xiao, Waheed, Xiao, Hashmi, & Zhou, 2018; Yavuztürk Gül & Koyuncu, 2017; W. Jiang, Xia, Liang, Zhang, & Hermanowicz, 2013; Maqbool et al., 2015) Enzymatic and bacterial degradation of biopolymers (Berg, Kalfas, Malmsten, & Arnebrant, 2001; Hocaoglu & Orhon, 2010; Miura & Okabe, 2008; Molobela, Cloete, & Beukes, 2010) Ozone ; K. R. Lee & Yeom, 2007; J. Wu & Huang, 2010; Yeom et al., 2005) Coagulants (P. K. Iversen, 2011; Ji, Qiu, Wai, Wong, & Li, 2010; J. Wu, Chen, Huang, Geng, & Wen, 2006) Ultrasound and vibration (Ábel, Szabó, Poser, László, & Hodúr, 2013; Kola, Ye, Ho, Le-Clech, & Chen, 2012; M. Xu, Wen, Huang, Yu, & Zhu, 2013) Electric field (Hua, Huang, Su, Nguyen, & Chen, 2015; J. Huang et al., 2015; Ibeid, Elektorowicz, & Oleszkiewicz, 2015; Y. K. Wang, Li, Sheng, Shi, & Yu, 2013; Kulesha et al., Cogent Engineering (2018), 5: 1489700 https://doi.org/10. 1080/23311916.2018.1489700 Membrane pore clogging occurs because of suspended solids agglomeration and should be distinguished from membrane surface fouling, even though both lead to the same result-a decrease of membrane permeability. The deposition of foulants in the membrane pores and on their surface follows a number of blocking filtration mechanisms. Hermia's pore-blocking models (Table 2) are the fundamental unified analytical description of the blocking mechanisms formulated in the common frame of power-law non-Newtonian (further extended to Newtonian) fluids (Chellam & Cogan, 2011; F. Wang & Tarabara, 2008; Jelemenský, Sharma, Paulen, & Fikar, 2016; Bowen, Calvo, & Hernández, 1995) .
Although clogging is the most frequent problem of MBR plants, it is not of the prime interest to the authors of the current review.
The main practical interest, from the point of view of membrane flux enhancement, is the investigation of the interactions of additives with biopolymers and biofilms that can be present as particles, colloids or solutes and incorporate or promote inorganic binding, precipitation, adhesion, etc. (Table 3 ).
Biopolymers
According to Hu, Wang, Tian, Ngo, and Chen (2016) , Juang, Lee, and Lai (2010) , Kunacheva and Stuckey (2014) and Zhang, Yu, Zhang, and Song (2015) , polysaccharides and proteins are the major components of biopolymers causing membrane fouling in low-pressure membrane filtration processes. Polysaccharides are the primary membrane foulants in MBRs (Chu & Li, 2005; Fonseca, Summers, & Greenberg, 2007; Jin et al., 2013; Lesjean et al., 2005; (Field, Wu, Howell, & Gupta, 1995; Aslam, Lee, & Kim, 2015; Drews, 2010; Zheng et al., 2018; Bowen et al., 1995; F. Wang & Tarabara, 2008; Etemadi et al., 2017; El Rayess et al., 2012 , Kumar, Goswami, Pakshirajan, & Pugazhenthi, 2016 Standard ( Xu, Zhang, & Zhu, 2010; J. Zhang, Chua, Zhou, & Fane, 2006) . This is primarily attributed to the gelling properties of polysaccharides that can be enhanced in the presence of multivalent cations acting as bridges for the carboxyl groups (Xin, Bligh, Kinsela, Wang, & David Waite, 2015) . Owing to the reversibility of gels, several studies have reasonably referred to a polysaccharide-caused fouling as reversible (Merle, Dramas, Gutierrez, Garcia-Molina, & Croué, 2016) . On the one hand, the formation of a gel layer on the membrane surface decreases membrane flux, but on the other hand, it serves as a substrate for bacteria attachment and further biofilm development.
It is generally well accepted that proteins are the key organic constituents that contribute to the foulant layer, interacting with polysaccharides (Neemann, Rosenberger, Jefferson, & McAdam, 2013; X.-M. Wang & Waite, 2009) . The protein-polysaccharide interaction is non-covalent and can be classified by electrostatics, steric exclusion, hydrophobic interactions and hydrogen bonding. It is well known that pH and ionic strength influence the physical state of proteins and polysaccharides when present in the mixture. For pH conditions close to but still above the pH of isoelectric point, positively charged micro-regions on proteins can bridge over to discrete regions of the long-chain polysaccharide molecules, increasing the solute size and subsequently the probability of non-covalent network formation that imparts high fouling rates, thus explaining the apparent role of protein in the irreversible fouling fraction previously reported in the literature (McClements, 2006) . It is also clear that proteins provide an easy food for bacteria in further biofilm development.
Humic substance is another massive organic component of MBR mixed liquor (Aryal et al., 2009) . They are introduced into the sewer network presumably through rainwater and storm-water runoff, along with other constituents of domestic sewage, due to insufficient drinking water preparation (Bratby, 2016) and through cell decay (S. C. Wu & Lee, 2011) . In addition, 40-50% of soluble microbial products (SMPs) were observed to be humic, fulvic and hymathomelanic acids (W. Chen, Westerhoff, Leenheer, & Booksh, 2003) . In the study by Chuang, Chang, Chang, and Sung (2009) , humic substances in the effluent were singled out as those having significant fouling potential. Being small but strongly hydrophobic, molecules of humic substances adsorb to membranes and bind with polysaccharides and proteins via hydrophobic and electrostatic interactions (Z. Wang, Cao, & Meng, 2015) , forming large molecular assemblies on the membrane surface and inside pores, facilitating further deposition of hydrophobic fragments (Kimura, Ogyu, Miyoshi, & Watanabe, 2015) . Such complex interaction makes humic substances responsible for the development of irreversible fouling.
All together, polysaccharides, proteins and humic substances constitute the large group of foulants determined in the literature as SMPs (Figure 1 ).
SMPs are thought to form biomolecular assemblies, adsorb onto the membrane surface, block membrane pores and/or form a gel structure on the membrane surface where they provide not only hydraulic resistance to permeate flow resulting in membrane flux decrease, but also a substrate for biofilm formation and possible nutrient source for biofilm development.
Biofilms and bio-cakes
In the MBR systems, biomolecular assemblies tend to attach to the membrane surface or to the gel layer of other biopolymers, accumulating at the solid-liquid interface or being suspended in the bulk solution in the form of biofilms. Biofilms represent a stable highly competitive agglomeration, which causes severe fouling problems (Saeki, Karkhanechi, Matsuura, & Matsuyama, 2016; Flemming & Wingender, 2010) .
Biofilms develop bacteria cohesion and the further production of extracellular polymeric substances (EPSs) that are determined as autochthonous macromolecules found at or outside the cell surface and in the intercellular space of microbial aggregates (Flemming & Wingender, 2001) . In further steps, biofilm maturation and bacterial detachment take place (Vanysacker, Boerjan, Declerck, & Vankelecom, 2014) , escalating biofouling development.
A complex system of biofilm and EPSs forms a bio-cake on the membrane surface, causing a steep decrease of membrane flux. SMPs play an important role in the initial fouling, whereas EPSs produced by the deposited microbial cells become a major foulant after the TMP increase (Z. Zhou et al., 2015) . Meanwhile, the presence of SMPs and colloids in the cake layer highly increases cake resistance.
One of the most complex subjects involved is the influence of activated sludge constituents and floc characteristics on sludge fouling propensity, as several parameters interact and influence sludge filterability simultaneously (Jørgensen et al., 2017) . The size of activated sludge flocs affects the membrane biofouling rate at all stages of initial biofilm formation and bio-cake development. Small flocs have high specific contact interaction energy and easily adhere to the membrane surface (Shen et al., 2015) . In the complex process of biofilm formation and development, the surface hydrophobicity of sludge flocs is another important factor affecting the membrane fouling rate through the promotion of bacteria adhesion (Gutman, Walker, Freger, & Herzberg, 2013) . In general, for all major foulants, higher MLSS concentration increases the membrane fouling rates and flux declines due to a higher probability of biopolymerization, fostering of biofilm growth and particle aggregation.
As is often observed in real-life chemical and biological processes, in real MBR systems, all types of fouling discussed above take place continuously, changing from one form to another. In fact, each fouling process occurs temporarily and results not only in a membrane flux decline, but also in a release of products that initiate another fouling stage: dead cells release SMPs to the mixed liquor and SMPs form the depositions on the membrane surface and in the pores, feeding living microorganisms that produce further SMPs and EPSs. Because of the accumulation of dead cells and biopolymers in the bottom fouling layers, the system becomes clearly different from biofilms applied in waste-water treatment processes (Meng et al., 2017) . The system of bio-cake is characterized by concentration gradients of oxygen and substrates from the surface to bottom layers, close to the membrane. In addition to the biological processes occurring in the bio-cake, hydrolysis and humification take place, converting polysaccharides and proteins into hardly degradable and heavily removable assemblies.
A number of studies have pointed out that the major foulants act according to the particular poreblocking models, which helps distinguish the fouling nature and a suitable cleaning approach (Table 4) .
Concerning the fouling types, in terms of membrane permeability recovery, they can be categorized as reversible, irreversible and irrecoverable fouling (Table 5 ). Reversible fouling is caused by deposition of the foulants on the membrane surface, leading to the formation of the cake layer. It can be removed by means of physical cleaning. However, irreversible and irrecoverable fouling are associated with internal pore blocking and pore constriction, caused by adsorption/deposition of the dissolved/colloidal matter inside the membrane pores and near their openings. Irreversible biofouling can be removed by a more aggressive cleaning approach -chemical cleaning: 1) CEB, applying NaOCl, NaOH, H 2 O 2 and biocides (SBS) and 2) CIP or Molecular aggregates/ particles (Bowen et al., 1995) Slurry particles (Kumar et al., 2016) Polysaccharides Gel-forming particles (Sarkar, 2013) Bacterial EPS (Xu & Chellam, 2005) Particles (Soler-Cabezas et al., 2015) Gel layer formed by macro-solutes (Jelemenský et al., 2016) Gel-forming particles (Sarkar, 2013) ; Particles (Kumar et al., 2016) Humic substances Particles (Lee, Dilaver, Park, & Kim, 2013) Gel-forming particles (Ruohomaki & Nyström, 2000) Large molecular aggregates (Yuan, Kocic, & Zydney, 2002) Large molecular aggregates (Yuan et al., 2002) Particles (Lee et al., 2013) "cleaning in air" (CIA) via soaking the membranes in NaOCl and NaOH solutions. On the contrary, irrecoverable fouling, being the result of the gradual long-term accumulation of the foulants in membrane pores, is robust to all the cleaning strategies and cannot be removed by the existing means of cleaning (Geilvoet, 2010; Gkotsis, Mitrakas, Tolkou, & Zouboulis, 2017; Janus & Ulanicki, 2015; Judd, 2008; Wang et al., 2014) .
However, as admitted by Lee et al. (2013) , in some cases, the definition of each fouling type might not directly correspond to the fouling mechanisms defined in the filtration models.
Highlighted flux enhancers
Membrane flux enhancement is an emerging strategy, tested to a certain degree in the lab with promising first results, but with very limited experience from the field.
A range of chemicals have been evaluated as membrane flux enhancers in various studies (Table 6 ). Their flux enhancement activity is strongly associated with the membrane fouling nature that they are able to affect. The most well-studied ones are adsorbents, coagulants and flocculants. Further studies have shown that membrane flux enhancers are additives that not only help with fouling but also solve other important tasks-a reduction of the carbon footprint of the MBR plant, improvement of related sludge properties, costs of sludge processing, etc.
This work reviews laboratory research and piloting experience with major flux enhancers, with specific regard to adsorption, coagulation, flocculation, bio-flocculation and oxidation mechanisms.
Mechanisms of membrane flux enhancement in MBR
Review of the recent studies shows five main points of focus in membrane fouling enhancement in terms of the mechanisms of action and types of applied chemicals: adsorption, coagulation, flocculation, bio-flocculation and oxidation.
Adsorption
According to Iorhemen, Hamza and Tay (2016) , the adsorbents in biological treatment systems adsorb dissolved organic matter, especially SMP and, consequently, mitigate membrane fouling. Different adsorbents can be used for this purpose, but the most studied ones are granular and powdered activated carbons.
Granular activated carbon (GAC) was successfully applied in several MBR fouling studies due to its well-predictable ability not only to adsorb organic constituents of mixed liquor but also to provide additional scouring on the membrane surface. Owing to the relatively low specific gravity, GAC is easy to fluidize and therefore it can be a perspective and energy-efficient flux enhancer . Being bifunctional, GAC mostly acts as a mechanical flux enhancer, rapidly increasing the membrane flux after dosing due to bio-cake detachment, but not affecting irreversible fouling at all (Wu et al., 2017) . Various studies have reported 20-60% of flux enhancement with GAC (Johir, Aryal, Vigneswaran, Kandasamy, & Grasmick, 2011 , Johir, Shanmuganathan, Vigneswaran, & Kandasamy, 2013 .
At the same time, those studies took into account only a part of the GAC properties that can affect flux enhancement in MBR:
• granule size strongly affects the mechanical scouring effectiveness of GAC (Johir, 2013; Wang et al., 2016 );
• a low mechanical strength of GAC granules negatively affects the overall flux enhancement due to membrane pore blocking with small particles; and
• GAC porous type (related to carbon source and production technology) and adsorption activity were not studied at a proper level.
One of the most common additives is powdered activated carbon (PAC). When PAC is mixed with activated sludge, biologically activated carbon is formed, which improves the removal efficiency and mitigates membrane fouling (Aun Ng, Sun, & Fane, 2006; Seo, Suzuki, & Ohgaki, 1996) . According to Kim and Lee (2003) , lower fouling propensity was detected in the MBR process when the PAC was directly inserted into the bulk solution and mixed with biomass.
A much lower fouling rate (TMP rise) for the MBR with PAC addition, compared to the system without this agent, was observed in the study by Aun Ng et al. (2006) . In the work by Ying and Ping (2006) , reduction of the EPS deposition on the membrane surface was noticed, which occurred Tzoupanos & Zouboulis, 2010) after the addition of PAC to the sewage. On the contrary, at much higher PAC dosages, the effect of this additive was significantly weakened.
PAC is effective for treating highly toxic effluents, as shown by Lesage, Sperandio, and Cabassud (2005) . Additionally, according to Satyawali and Balakrishnan (2009) , it exhibited significant efficiency while treating high-strength waste water from the alcohol distillery, especially in terms of improving sludge de-waterability and affecting the SMP composition (protein/carbohydrate ratio). It is noteworthy that PAC dosing enhances system stability and promotes the maintenance of consistent permeate flux in terms of TOC removal, as shown by Guo, Vigneswaran, Ngo, Van Nguyen, and Ben Aim (2006), Iversen, Koseoglu, et al. (2009) and Munz, Gori, Mori, and Lubello (2007) .
Except for PAC, other adsorbents can be used to mitigate fouling in the MBR system. This was illustrated by J. C. Lee et al. (2001) , where natural zeolites in combination with alum were employed for such a purpose. Zeolite-added sludge possessed buffer capacity towards ammonium ion. Furthermore, the nitrification rate, as well as the organic removal efficiency, was also remarkably improved.
Nevertheless, weaknesses of applying the adsorbents, such as their high cost and the issue of exhausted material disposal, still remain the main limiting factors for their application as membrane flux enhancers in MBR.
Coagulation
One of the promising strategies to reduce fouling in MBR is to modify sludge filtration characteristics by the addition of coagulants. At the same time, practitioners should be careful with the use of some flux enhancers, such as ferric ions, which can potentially enhance the gelation of polysaccharides on the membranes.
While studying the effect of inorganic salts, such as ferric chloride, aluminium sulphate, polyaluminium chloride (PACl) and polymeric ferric sulphate (PFS), on fouling reduction in MBR, a significant improvement of filtration performance was observed. According to Wu et al. (2006) , PACl, PFS and their mixture had a better influence on mixed liquor filterability enhancement than monomeric additives. Polymeric coagulants exhibited a reduction of the initial TMP and TMP increase rates; in other words, membrane fouling was successfully alleviated, and among all of the additives, PFS was the most effective. Several further studies (Ji et al., 2010; Ji, Qiu, Wong, & Li, 2008; ) also demonstrated the high effectiveness of PFS use as a fouling mitigation agent. In the work by Wu and Huang (2008) , PFS was the focus of interest as a fouling retardation agent during long-term runs of MBR. According to the findings, PFS removed organic compounds of high molecular weight from supernatants via coagulation, entailing the mitigation of gel-layer formation on the membrane surface and suspended flocs enlarging by supplying positive charges to organic particles and enhancing charge neutralization. The positive influence of PACl on filtration performance was indicated by Guo et al. (2010) , Koseoglu, Yigit, Civelekoglu, Harman, and Kitis (2012) and Nouri et al. (2013) .
However, according to other studies, monomeric metal salts also exhibited high efficiency in sewage treatment. Short-term experiments conducted by Guo et al. (2010) revealed that FeCl 3 along with PACl considerably reduced SMP concentration in the effluent stream, improved sludge settleability together with oxygen transfer and gained superior efficiency in terms of fouling control compared to their organic analogues, like starch. As specified by Song et al. (2008) , FeCl 3 was efficient in the reduction of specific resistance, whereas the addition of alum, which was also examined, assured high phosphorus removal and the decrease in membrane filtration resistance without any deterioration in the nitrogen removal efficiency. Enhancement of the filterability in MBR applying either FeCl 3 or aluminium sulphate was also discussed by Huyskens et al. (2012) , Iversen, Koseoglu, et al. (2009) , Koseoglu et al. (2008) , Ji et al. (2008) and Nouri et al. (2013) .
Eventually, based on all the aforementioned studies and according to the recent findings, prime foulants such as effluent organic matter, whose elimination via coagulation and flocculation is of high priority, generally comprise two main forms: proteins in conjunction with polysaccharides and humic substances (Fang, Shi, & Zhang, 2006; Flemming & Wingender, 2001 ; V. Iversen, Mehrez, et al., 2009; Miyoshi, Tsuyuhara, Ogyu, Kimura, & Watanabe, 2009 ).
According to Geng and Hall (2007) , bound EPSs in activated sludge flocs are not directly associated with membrane fouling; however, EPSs are responsible for the release of SMPs into the effluent stream, and, as demonstrated before, SMPs in the mixed liquor cause the deterioration of filtration performance. This necessitates the defying of the mechanism by which chemical additives remove SMPs from the water. In the study by Bratby (2016), the authors elucidated the origin of the surface charge of bacteria, which, as assumed, arises from chemical reactions at the surface. Many bacterial solid surfaces contain functional groups that are readily ionizable, such as -OH, -COOH and -OPO 3 H 2 (Bratby, 2016):
Thus, the charge of such particles becomes dependent on the degree of ionization (proton transfer) and, hence, on the pH of the surrounding liquid. At low pH values, a positively charged surface prevails, whereas under alkaline conditions, the surface becomes mainly negatively charged.
Ipso facto, since typically investigations on the performance of filter aids are conducted at higher pH values, the surfaces of SMP carry net negative charges due to the broken edges of the hydroxyl groups (Ibeid, Elektorowicz, & Oleszkiewicz, 2017) .
When Al/Fe-based coagulants are added to the water, the salts dissociate and metal ions react with water molecules, by breaking the bonds of the lowest energy between the protons and the hydroxyl groups and, subsequently, interacting with the latter ones. As a result, metal hydrolysis occurs (Gregory & Duan, 2001; Hem & Roberson, 1967) , followed by the formation of colloidal particles, the so-called "micelles", depicted below.
Positively charged granules of the micelles attract negatively charged SMPs by means of electrostatic forces, van der Waals attraction and, presumably, electric or magnetic forces, resulting in the formation of organic/inorganic solid complexes and the ruining of aggregative stability of the disperse system (Figure 2 ).
In addition, the newly formed particulate matter of the metal hydroxides possesses very high adsorption ability, thus accumulating SMP on its surface. Consequently, the aggregated flocs agglomerate with each other via adhesion forces, increase in size, being held together by weak physical interactions, and, finally, precipitate (Inan, Dimoglo, Şimşek, & Karpuzcu, 2004) .
Concerning humic substances, as stated by Bolto (1995) , at pH 5-6, various aluminium humates may be formed through the polynuclear aluminium species, produced during the following stoichiometric reaction:
The more explicit mechanism for aluminium salt coagulation of humic substances is depicted in Figure 3 .
These and higher pH levels foster the adsorption of organic materials onto the flocs of aluminium hydroxide, occurring by the ligand-exchange reaction (Bolto, 1995) : Figure 3 . Pathways for the coagulation of humic substances by aluminium ions at higher pH levels (Bolto, 1995; Bratby, 2016) . Almost identical mechanisms of hydrolysis with the subsequent coagulation are involved when applying ferric salts (Gregory & Duan, 2001; Ødegaard, Fettig, & Ratnaweera, 1990 ).
The interaction of ferric salts with such a form of humic substances as fulvic acids has been described by Van Breemen, Nieuwstad, and Van Der Meent-Olieman (1979) , where the interaction between iron ions and organic groups depends on the content of fulvic acids. As assumed, in diluted solutions, the complex-like ions RCOO À Fe OH ð Þ 2Àn ð Þ þ n are formed, due to the combination of one Fe 3+ ion with the COO − group. Such complexes may attract each other, resulting in the formation of polymeric iron hydroxides. The excess of ferric (III) coagulant promotes the yielding of hydroxide flocs and a subsequent co-precipitation of colloidal particles with their aid. Moreover, in the case of a high concentration of fulvic acids, they precipitate in the form of iron fulvinate, as three Fe 3+ ions combine with the corresponding amount of COO − groups.
It is suggested that further investigations should be conducted to gain a better insight into the key mechanism controlling the removal of the high MW biopolymer molecules, with a view to further optimizing the coagulation process.
Flocculation
Another commonly used flocculant is homopolymer 2-propen-1-aminium, N,N-dimethyl-N-2-propenyl-chloride (PolyDADMAC or MPE50-the product of Nalco®), whose high effectiveness as a membrane fouling reducer was proven by various research teams (Huyskens et al., 2012; V. Iversen, Mehrez, et al., 2009; Jamal Khan, Visvanathan, & Jegatheesan, 2012; Koseoglu et al., 2008) . In the study by Hwang, Lee, Park, Lee, and Chang (2007) , attempts to elucidate the mechanism of such significant flux enhancement through analysing the images acquired under a confocal laser scanning microscope (CLSM) were made. According to the attained results, the inhibited fouling rate could be attributed to an increase in cake porosity and uniform distributions of the boundary-layer components along its depth after adding PolyDADMAC to the bulk phase. The positive influence of this additive on MBR filtration performance was also confirmed by W. S. Guo, Vigneswaran, Ngo, Kandasamy, and Yoon (2008) . High levels of dissolved organic carbon (DOC) and chemical oxygen demand (COD) removal efficiency (over 95%) were attained with the aid of this chemical when running over a 7-day period. Besides NH 4 -N elimination being over 95-98%, PO 4 -P removal increased with time to over 99% after 7 days of operation. However, in terms of phosphorus elimination, the MBR with PolyDADMAC exhibited worse results than the sponge system. PolyDADMAC also enhanced the microbial activity of the biomass in the MBR. In the study by Yoon and Collins (2006) , the extent of short-term and longterm flux improvements by PolyDADMAC was tested at low temperatures (10-13°C) in order to overcome low permeate production under such conditions and, consequently, to reduce capital costs. As a result, at 10°C, the long-term flux increased from 17 LMH to 25 LMH with the extension of filtration ability from 22 days to more than 30 days. Additionally, a small municipal MBR plant succeeded in increasing the daily flux by 150% via dosing PolyDADMAC during the long-term run.
In the work by Nguyen et al. (2010) , the combination of PolyDADMAC and FeCl 3 was applied with the evaluation of its impact on the treatment performance in a long-term submerged MBR. According to the results, this combined flocculant demonstrated that almost 100% of the total phosphates and DOC removal and 90% of the ammonia (NH 4 -N) compounds were eliminated during the 80-day operation. In addition, a good microbial activity with a stable specific oxygen uptake rate (SOUR), stable values of SVI and soluble carbohydrate concentration and a low rate of TMP rise were observed.
In the study by Ji et al. (2010) , among the various compounds, polyacrylamide (PAM) was investigated, and, as noticed, it significantly alleviated membrane fouling by affecting the zeta potential and viscosity. Additionally, according to the results obtained in the work by Ji et al. (2014) , where the fouling mitigation ability of PAM in combination with other modified starches was examined, the composites exhibited a strong positive effect on SMP, the fractal dimension of sludge flocs and floc size in sustainable filtration.
Meanwhile, it is quite difficult to figure out the exact mechanism for system destabilization, governed by the polyelectrolyte additives. The type of predominant phenomenon depends on whether the polymer is used as a primary coagulant or as a flocculant aid and the polymer characteristics (charge density and molecular weight). Three main pathways of their action have been distinguished (Bolto, 1995; Bratby, 2016; Ji et al., 2008) : charge neutralization, bridging and the electrostatic charge patch mechanism.
According to McEwen (1998) and Amjad (2010) , the charge neutralization model deals with the use of relatively low MW cationic polymers with a high charge density, such as PolyDADMAC, which causes the destabilization of negatively charged colloids through charge neutralization, accomplished by the adsorption of the polymer on the particle surface. The cationic nature of PolyDADMAC and PAM is caused by the presence of quaternary ammonium functional groups in the polymer skeleton. Relevant interactions are shown in Figures 4 and 5 .
The superior role of the neutralization mechanism in flocculation employing PolyDADMAC was discussed in the studies by Hahn, Hoffmann, and Ødegaard (1996) and Zahrim and Dexter (2016) . Meanwhile, as discussed in the latter work, flocculation occurs through the bridging mechanism as well.
The importance of the charge neutralization phenomenon, while applying PAM-based cationic polyelectrolytes for sludge conditioning, was noticed by Tiravanti, Lore, and Sonnante (1985) . However, this mechanism is not the only one governing the flocculation of negatively charged organic matter since cationic polyelectrolytes possessing high charge densities also act through the electrostatic charge patch mechanism (Bratby, 2016; Tiravanti et al., 1985) . It is based on the complete adsorption of polyelectrolyte segments onto the surface of the impurity, followed by the generation of charge mosaics with positively and negatively charged regions and the final destabilization of the system, resulting from the alignment of the charge mosaics of adjacent particles, which provides strong electrostatic attraction ( Figure 6 ) (Bolto, 1995; Bratby, 2016) . (Bolto, 1995) .
Thus, this mechanism is assumed to be predominant when applying PolyDADMAC (high MW) and low MW cationic PAM of high charge densities at relatively low particle concentrations (less than 10 14 particles/L).
When discussing the flocculation mechanism of cationic polymers at high particle concentration, significant bridging effects are detected in the interim between the initial adsorption stages and the reaching of the equilibrium state, since higher particle concentrations intensify the collision frequency of suspended solids at the same time as the pendant polyelectrolyte loops are greatly extended into the solution (Bratby, 2016) . Hence, presumably, the bridging mechanism plays an essential role in the case of applying PolyDADMAC and high MW cationic PAM of low charge density at high concentrations of suspended solids in the mixed liquor.
Bio-flocculation
Modified starches solely (in the form of starch-based cationic flocculants) were investigated by Deng et al. (2015) , W. Guo et al. (2010) , Huyskens et al. (2012) and Koseoglu et al. (2008 Koseoglu et al. ( , 2012 , since they are inexpensive, offering inherent advantages over inorganic and synthetic polymers such as being derived from a renewable source of raw materials with simpler degradability after the use. However, the controversial effect of starches on membrane performance was discussed in the study by Drews (2010) . Presumably, this is caused by the fact that biopolymers like starch and chitosan do not tolerate wide dosing ranges, since over-or under-dosing might cause further fouling on the membrane (Vera Iversen, 2011) . On this account, in the study by Koseoglu et al. (2008) , starch along with chitosan was reported to trigger the flocculation mechanism apparently better than the metal salts, whereas, according to Huyskens et al. (2012) , both polymers caused a considerable increase in irreversible fouling observed in the MBR. In a number of studies (Iversen, Mehrez, et al., 2009; Iversen, Mohaupt, Drews, Lesjean, & Kraume, 2008; Koseoglu et al., 2012) , starch also had a detrimental effect on the system due to strong fouling phenomena. Additionally, in the work by Iversen, Koseoglu, et al. (2009) , a negative impact of starch-based flocculant on the oxygen uptake rate (OUR) was indicated, stressing that this polymer might therefore not be appropriate for application in MBR.
Concerning chitosan, Ji et al. (2008) indicated the significant positive influence of this additive on the flocculation of sludge particles with the subsequent reduction of the fouling rates for both short-and long-term operations, which were about seven times lower than in the control MBR. In further research (Ji et al., 2010) , chitosan was revealed to have a crucial effect on biomass morphological properties and successfully alleviated membrane fouling. Fouling mitigation ability of this agent was noticed by Shuyan (2015) as well. Additionally, in the study by Iversen et al. (2008) , chitosan considerably reduced SMP levels in the supernatant. Furthermore, enhanced OURs were observed when using chitosan, according to Iversen et al. (2008) , Nouri et al. (2013) .
In marked contrast to all these findings, according to Guo et al. (2010) and Koseoglu et al. (2012) , chitosan exhibited either the highest fouling rates among the tested additives or the lowest SMP removal because of the significant sludge viscosity increase.
In the study by Ngo and Guo (2009) , a modified green bio-flocculant (GBF) was introduced, which served as a membrane fouling reducer and an agent for improving microbial activity. The positive impact of this additive on treatment performance and fouling mitigation was also discussed in the work by Guo, Ngo, Wu, Hu, and Listowski (2011) .
Regarding effective natural bio-flocculants, particularly chitosan, its structure highly depends on pH (Figure 7 ).
The mechanism for the removal of microbial substances using chitosan at acidic pH is as follows:
where ½R 0 À NH þ 3 n is chitosan and R < COO À NH 2 is the ionized carboxyl group of the bacterial surface;
According to the findings, at acidic pH by its protonated amino groups, chitosan interacts electrostatically with negatively charged organic matter, resulting in their chemisorption. Therefore, in acidic solutions, chitosan exhibits strong antibacterial activity, as shown in the study by Kumirska et al. (2011) . Nevertheless, according to Guibal and Roussy (2007) , sometimes the amount of protonated amino groups is insignificant, far below the number of charges required for neutralization of the anions carried by suspended solids. In such cases, as assumed, the removal is assured by the combination of electrostatic patch and bridging mechanisms. At higher pH values between 6.0 and 6.5, amino groups of chitosan become less protonated and turn out to be fully deprotonated at pH 6.5. However, as shown in the work by Sakkayawong et al. (2005) , even in this case chitosan doesn't lose its treatment efficiency, which is presumably entailed by the hydrophobic interactions of chitosan molecules with sludge aggregates of the same nature. Besides, since chitosan possesses a high molecular weight, the elimination of organic matter is expected to happen through the bridging mechanism. In the alkaline media, chitosan can adsorb organic contaminants through covalent bonding.
Starch grafts cationic moieties during carboxylation with the aid of the quaternary ammonium compound. According to Ji et al. (2014) , cationic starches act through the charge neutralization mechanism since they get attracted to the surface of negatively charged organic particles and result in the decrease of the absolute electrokinetic potential value, resulting in system destabilization and subsequent agglomeration of the particles. The starches are characterized by the ability to generate larger flocs, although their binding to colloid particles is incomplete (Koseoglu et al., 2012) . On the contrary, according to Pal, Mal, and Singh (2005) , the main mechanism of action for cationic starches is the bridging phenomenon; moreover, longer chains of the polymer backbone are preferable since they foster the extension of the tail from one particle surface to another, thus assuring high flocculation efficiency.
Oxidation
Ozonation can be applied as an alternative method to modify the mixed liquor properties in order to alleviate membrane fouling. The positive effect of ozone on long-term MBR performance was confirmed by X. Huang and Wu (2008) and J. Wu and Huang (2010) , who determined the optimum ozone concentration, which could assure slow formation of the gel layer on the membrane surface as well as the enhancement of suspended particles' flocculation ability in the ozone-MBR system. Gkotsis, Peleka, et al., 2016) Increasing sludge relative hydrophobicity (Ji et al., 2010) According to the investigation carried out by K. R. Lee and Yeom (2007) , ozone played a crucial role in membrane fouling control since it promoted keeping the dynamic viscosity of the activated sludge at a relatively low level, thus permitting stable membrane filtration for more than 150 days without chemical cleaning of the membrane. In the study by Yeom et al. (2005) , ozone was applied in combination with alkaline for biomass pretreatment in a pilot-scale MBR-type aerobic digestion process. As discussed, the experiment ran smoothly without significant membrane fouling, even at the relatively high levels of MLSS concentration (11,000-25,000 mg/L).
Research needs
The current literature review provides background and identifies the most prospective additives as membrane fouling enhancers in MBR (Table 7) . However, the use of additives is not usually practised in full-scale MBRs since it is uncertain whether the cost of chemical use is justified by membrane fouling decrease (Krzeminski, Leverette, Malamis, & Katsou, 2017) . Furthermore, the long-term implications of using or stopping to use the additives have not been researched in detail, and there is a gap in process control approaches for the application of flux enhancers in MBR.
Since adsorption was proven to be an efficient fouling alleviation tool, it is worth mentioning that its application in the MBR process still has a high potential. However, in order to make it more feasible, cost-effective adsorbents should be used. A number of cheap non-conventional materials can serve this purpose. For example, nano-magnetic polymers, cyclodextrin and covalent organic polymers were found to have great binding/degrading capacities for organic compounds (Alaba et al., 2018) . In addition, agricultural and industrial waste materials like wood char, rice husk, fruit peels, fly/zeolite incinerator ash and polymer resins are gaining more interest as potential adsorbents (Mallampati, Xuanjun, Adin, & Valiyaveettil, 2015; Mateen et al., 2016; Rene & Lewis, 2017) . However, these materials need to be thoroughly tested for their effectiveness to mitigate fouling in the MBR system. Concerning ozonation, additional trials are needed to make its application more economical when dealing with the mixed liquor, characterized by high levels of suspended solids. Moreover, the possibility of the generation of highly toxic non-biodegradable/inseparable ozonation byproducts should be checked.
Conclusions
In conclusion, membrane flux enhancement applying coagulants, flocculants and bio-flocculants is a prospective direction of membrane fouling mitigation in MBR that has the potential to facilitate further penetration of MBR into cost-sensitive markets, including small communities and developing countries.
Further lab research in this direction should be focused on combining various agents as membrane flux enhancers, considering the identified mechanisms of their action: retention of SMP, reduction of specific cake resistance, an increase of sludge floc size and hydrophobicity as well as the neutralization of their charge. The possibility of applying them all together with non-conventional cost-effective adsorbents or oxidizing agents should also be taken into consideration.
In general, applied future research should be focused on developing pilot case studies with various membrane flux enhancers as well as bridging the gap in MBR process control, including the flux enhancement part. 
